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SUMMARY 
The phase (3iagram of the calcia-alumina-zirconia ternary system 
in the high zirconia region was determined by the disappearing phase 
method. Quali tat ive and quanti tat ive X-ray analysis was used to de ter -
mine the phases present in samples tha t had been fired to I5OO C and 
1700 C. Optical analysis was used to determine the t o t a l calcium 
aluminates and zirconia phase contents by volume. Results indicated 
that CAp may exhibit solid solution charac te r i s t i cs giving I t a s to ich-
iometry as high as C^A„. Solid solution was also observed in the cubic 
zirconia phase. A small portion of alumina entered the zirconia l a t t i c e , 
as well as 11.2 to lh.6 mole percent calcia in the completely s tabi l ized 
zirconia phase. No quanti tat ive determination could be made of the 
amount of calc ia or alumina present in the monoclinic zirconia l a t t i c e . 
Considerable melting occurred in the samples fired a t I7OO C which led 
to a non-equilibri"iim s ta te on cooling and thus made phas-e equ i l ib r ia 
determinations questionable. 
Samples were fired at 1550 C to be used for the study of long 
term phase s t a b i l i t y . When held at I3OO C, cubic zirconia des tab i l i za -
t ion occurred with time and 8OO to 1000 hours were required to reach 
equilibrium. However, a t ^00 C des tabi l iza t ion occurred very slowly 
and was not nearly complete af ter 2000 hours. Latt ice parameter measure-
ments indicated approximately two mole percent more calcia in the cubic 
zirconia s t ructure at equilibrium at 13OO C than at 1550 C. 
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CHAPTER I 
INTRODUCTION 
A refractory of high zirconia content s tab i l ized with both ca lc ia 
and alumina may become useful in the coal gas i f ica t ion industry because 
of good corrosion r e s i s t an t charac te r i s t i cs of the components. No com-
plete phase diagram of th i s portion of the ternary system is avai lable . 
In order to prepare such a phase diagram, samples of various compositions 
in the system were mixed and f i red . X-ray and opt ica l analysis of the 
resul t ing phases permitted determination of compatibility t r i ang l e s . 
Because of the cubic zirconia solid solution phase and also because of 
the poss ib i l i ty of a solid solution of CAp, par t icu la r a t tent ion was r e -
quired to determine the changing compositions as temperature of f i r ing 
varied. 
From a p rac t i ca l point of view, the quantity of phase change at 
different temper attires with long use must be determined i f such a mater-
i a l were to be used as a refractory. Because of the thermal shock prob-
lems involved in the t r ans i t ion from tetragonal to monoclinic zirconia, 
i t is especial ly important to know quant i ta t ively the increase in the 
amount of monoclinic zirconia with time. This was studied by f i r ing for 
up to 2000 hours a t 9OO °C and I3OO °C. 
CHAPTER I I 
SURVEY OF LITERATURE 
L i t t l e information has been publ i shed fo r the CaO-AlpO -ZrOp t e r -
nary system and no phase diagram of the high z i r c o n i a region has been 
publ ished d e t a i l i n g the s o l i d s o l u t i o n and polymorphic informat ion . Only 
Berezhnoi in Russia has publ ished information d i r e c t l y r e l a t i n g t o the 
t e r n a r y phase diagram. 
In order to gain an unders tanding of the system from the l i t e r a -
t u r e one must study r e p o r t s about the t h r e e b ina ry systems t h a t a re i n -
volved: ZrO -CaO, AlpO -CaO, and AUO^-ZrO^. The f i r s t two of t he se 
systems have been we l l s t u d i e d , a l though t h e r e remains much c o n t r a d i c t i o n . 
The t h i r d system forms no b ina ry compounds and i s thus l e s s complex. 
CaO-AlpO^-ZrO^ 
Berezhnoi has publ ished the only a v a i l a b l e phase diagram of the 
t e r n a r y system CaO-AlpO -ZrOp, Figure 1. He was p r imar i l y i n t e r e s t e d in 
t he new t e r n a r y compound which he had d i scovered , Ca^lr-ZrO n, which i s 
2 
a p o t e n t i a l hydrau l i c b inde r , and thus he did not look a t polymorphs of 
z i r c o n i a o r a t the s o l i d s o l u t i o n s t r u c t u r e of z i r c o n i a . 
C a ^ V Z r O o was foimd t o be a u s e f u l b inde r in the hydrated s t a t e . 
I t i s the f i r s t known substance con ta in ing ZrOp to e x h i b i t such p r o p e r t i e s , 
according t o Berezhnoi . The new compound was prepared from high p u r i t y 
s i l i c a cha lk , t e c h n i c a l grade alumina, and z i r c o n i a which were mixed and 
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Figure 1. Phase Diagram of the CaO-AlpO^-ZrOp System 
as Determined by Berezhnoi-^ 
hour a t 1^50 C. I t melts incongruently a t 1550 C (with the formation 
of CaZrO ) , has a density of 3 '1 g/cc , and a l inear thermal expansion 
coefficient of 8.7 x lO" /°C (20-1000 °C). X-ray d spacing information 
is reproduced in Table 1. 
2 Table 1. X-ray d Spacings for Ca Al^ZrO g 
d (A) I d (A) I d (A) ~ 
7-6l 10 2.218 6 
4.10 10 2.177 6 
3-^2 29 2.114 h 
3.36 10 2.081 5 
2.758 10 1.945 5 
2.696 KDO 1.918 16 
2.6h'j 26 1.889 22 









3 Tamopol'skaya and Gul'ko have published some basic information 
concerning the quat^jinary system CaO-SrO-Al^O -ZrO-. Their invest igat ion 
was limited to studying the compounds present in the system and possible 
uses of them as r e f r ac to r i e s . They confirmed the existence of Ca^l/-ZrO Q 
but presented no other information useful to the study of the te rnary . 
4 N. I . Voroniri commented that an alumina impurity in zirconia may 
improve the heat res is tance of zirconia when i t is s t ab i l i zed with mag-
nes ia , but apparently he did not work with ca lc ia s t ab i l i zed z i rconia . 
Antonio Cocco reported tha t up to three percent alumina could 
enter the s t ruc ture of ca lc ia s tab i l ized zirconia without affect ing that 
s t ruc tu re . His work was a t temperatures from l400 C to I7OO C but only 
compositions of moi^ than 29 mole percent calc ia were invest igated, which 
limited his study to the phase region of cubic zirconia and CaZrO_. 
6 
Takagi invest igated the effect of alumina on the s in te r ing of 
calcla s t ab i l i zed z i rconia . For raw materials he used zirconium oxy-
chlor ide, calcium carbonate, and aluminum n i t r a t e . Sixteen mole percent 
calcia was used to s t ab i l i ze the zirconia phase. The samples were fired 
in a i r a t I7OO C for one hour. He discovered tha t the addit ion of from 
0.5 to h weight percent of alumina enhanced the s in ter ing of the z i rconia . 
The zirconia grain size was about 50 microns for additions of from two 
to four weight percent alumina. At I7OO C Takagi observed some liquid 
phase s i n t e r i n g . The only calcium aluminate phase observed was CA/- in 
both scanning e lect ron microscope analysis and electron probe X-ray 
microanalysis. 
ZrO -CaO 
Zirconia has a melting point of 268O + 2 0 C and therefore would 
7 
appear to be very useful as a ref rac tory , especia l ly since i t has good 
corrosion res is tance and high s t rength . I t s density i s 5'89 g /cc . I t 
has low thermal conductivity and does not react with most metals nor i s 
i t eas i ly wetted by molten g l a s s . However, a t 1000 C there is a des t ruc-
t ive transformation which makes zirconia a poor refractory in i t s pure 
s t a t e . Below 1000 C zirconia has a monoclinic c rys t a l s t ruc tu re . At 
1000 C i t transformfj rapidly into a te t ragonal s t ructure with a s ignif-
icant density change and thus des t ruct ive thermal expansion. Figure 2 
shows the effect of heating zirconia through t h i s tranformation. 
To combat t h i s transformation in zirconia which causes destruct ive 
cracking, one of several di f ferent oxides may be added to s t a b i l i z e z i r -
conia. This e l imina tes , or a t l eas t reduces, the effects of the t r a n s -
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the addition of calc ia is most common. If between l6 and 29 mole percent 
of calcia is added to zirconia, the zirconia forms a cubic solid solution 
which is stable to room tenrperature. With the addition of less than 16 
percent calcia the zirconia is called p a r t i a l l y s t ab i l i zed , i . e . , there 
is some cubic solid solution but also some monoclinic phase in equilibrium; 
thus the monoclinic to te tragonal transformation can s t i l l be seen, but 
depending on the percentage of ca lc ia , i t is less des t ruc t ive . The melt-
ing point is lowered by calcia addi t ions , as shown in the phase diagram. 
Figure 3 ' 
The s t a b i l i t y of calcia s tabi l ized zirconia is excel lent . Isother-
mal t e s t s ^ a t 1375 '̂ C for 336 hours, 1200 °C for 520 hours, 1100 °C for 
812 hours, 980 °C for 1^73 hours, and 815 °C for 2011 hours showed tha t 
there was no loss in s t ab i l i za t i on , i . e . , no decrease in the amount of 
cubic zirconia, with long term f i r i ng . 
9 
Duwez found from d i f f e ren t i a l thermal analysis that the t ransfor -
mation temperature from tetragonal to monoclinic zirconia was lowered as 
the amount of calcia (up to 16 mole percent) was increased, as shown in 
Figure k. This transformation temperature depression was also found in 
the zirconia-magnesia and zirconia-cer ia systems. 
Lattice parameter var ia t ions as the amount of calcia was changed 
were also determined by Duwez, Figure 5* For his work the samples were 
fired a t 2000 C. La-ttice parameters were determined from high angle 
ref lect ions only and a 1^3.2.mm camera was used for diffract ion ana lys i s . 
Garvie c r i t i c i zed the phase diagram of Duwez and determined â  
much smaller region of cubic solid solut ion. He ten ta t ive ly determined 
o. 
a second CZ compound, CaZr.0 , which exists in an alpha form from 12^0 C 
CoO (wt. %) 
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Figure 3- Phase Diagram of the CaO-ZrOp System 
as Determined by Duwez 9 
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Figure 5- L a t t i c e Parameter V a r i a t i o n s with Sol id So lu t ion Changes 
in Cubic Z i rconia9 
11 
to 1650 C and above 165O C ex is t s In a beta form. If the cubic phase 
is metastable, as he asserted from the work of Weber , then there is 
great d i f f icu l ty in determining the actual equilibrium phases. Garvie 
used l a t t i c e parameter determinations employing the Nelson-Riley extrap-
olat ion and a Debye-Scherrer camera of 11^.6 mm diameter to determine 
changes in the s t ructure of the sol id solut ion. Figure 6 shows his 
l a t t i c e parameter determinations and the resul t ing phase diagram, both 
9 
of which d i f fer considerably from the information published by Duwez . 
Garvie discovered that the raw materials used may cause variat ions 
in t he cubic s o l i d s o l u t i o n . He showed t h a t t he use of CaCO as a i ^a -
gent resulted in a larger cubic f ie ld than the use of CaO. He theorized 
that with Ca(X>o Q-s a reagent, as the s a l t decomposed, an active in te r -
mediate oxide formed which caused an i r r eve r s ib le , metastable formation 
of the cubic phase. This problem may also pa r t i a l l y explain the d i s -
crepancies in different phase diagram information tha t has been published 
for the system. Garvie also stated that the s t ra in energy involved in 
the transformation from te t ragonal to raonoclinic zirconia must be consid-
ered aji addi t ional degree of freedom. Such an explanation is necessary 
in order to draw the cubic boundaries as he did a t 1200 C and not v io-
la te the Gibbs Phase Rule. 
12 Gavrish has also studied the s t a b i l i t y of calcia s tabi l ized 
zirconia. His work indicated that the temperature of maximum des tab i l -
izat ion is approximately 1^00 C. This, he determined, is also true for 
y t t r i a s t ab i l i za t i on , but for magnesia s t ab i l i za t ion the temperature of 
maximum des tabi l iza t ion is only 1200 C. He determined that y t t r i a 
s tabi l ized zirconia has the greatest s t a b i l i t y and at the lowest mole 
12 
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Figure 6. Phase Diagram and Lattice Parameter Data for the 
CaO-ZrO^ System after Garviê *̂  
13 
percent of the three additives, Table 2. Note that his studies extended 
only 60 hours. For raw materials he used a 99*7/̂  pure zirconia and 
CaZrO„ which had been prepared from zirconia and calcium carbonate. 
Firing temperature was 1750 C for five hours and the samples were 
quenched. Phase analysis was by quantitative X-ray diffraction deter-
mination. Gavrish theorized that the reason for varying stability of 
different oxides is related to the size of the different ions, i .e . , 
magnesium is the smallest and yttrium is the largest. The substitution 
of a small ion into the zirconia lattice increases the stresses more than 
the substitution of a larger ion more nearly the size of the zirconium 
ion. The activation energy of the diffusion process is thus decreased 
and the rate of decomposition is increased. Table 3 l ists accepted 
values for various ionic radii. 
13 Table 3. Ionic Crystal Radii -̂  
A-,3+ „ 2+ „ k^ ,,3+ „ k+ „ 2+ 
Ion Al-^ Mg Zr Y"̂  Ce Ca 
Radius (A) 0.^1 0»67 0-79 0-92 0-9^ 0-99 
Gavrish also studied the stability of cubic zirconia heated in 
argon. With calcia and yttria stabilization he found no change in re-
sults from those samples heated in air . ¥ith magnesia he found that 
the lattice parameters changed, indicating a change in the structure of 
the solid solution. It indicated that some of the magnesia was vapor-
izing from the solid solution. At 23OO C the cubic structure remained 
only with a composition of 12 mole percent magnesia and the X-ray pattern 
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samples were thermcilly cycled from 2000 C and 23OO C to room temperature 
to study des tab i l i za t ion . As in the other experiments, calcia and y t t r i a 
s t ab i l i za t ion proved to be completely stable but the magnesia s t a b i l i z a -
t ion was l o s t , pa r t i cu la r ly at 23OO C, in a short period of time. 
Magnesia has been used commercially to s t ab i l i ze z i rconia . How-
ever, a t equilibrium the cubic solid solution was found not to exis t 
below approximately 1375 C Thus, although magnesia s tab i l ized zirconia 
may be prepared, i t reverts to i t s unstabil ized form with time above 
1000 C. Therefore, magnesia s t ab i l i za t ion is not generally as useful 
as calcia s t ab i l i za t i on . 
The s t ab i l i za t ion of zirconia by several other oxides has been 
8 12 studied. ' Many of the rare earths have been used, although on a 
commercial basis the cost is usually too high. Yt t r ia and ceria are two 
oxides that may be used successfully. With cer ia a different mechanism 
of s t ab i l i za t ion is found. With the addition of greater than 15 mole 
percent cer ia to zirconia the temperature of the monoclinic to te t ragonal 
transformation is lowered below room temperature. There is s t i l l a cubic 
solid solution s t ructure above 1000 C to 2000 C, depending on the com-
posi t ion, but i t is not relevant to the s tab i l i za t ion problem, since the 
destructive transformation does not appear In normal usage. 
CaO-AlpO 
The calcia-alumina binary has had much invest igat ion. However, 
there has been considerable discrepancy about the ac tua l phases that 
ex is t at equilibrium.. Of par t i cu la r importance to t h i s study is the com-
pound or ig ina l ly called C A^ and more i^cently determined to be CAp. I t 
16 
i s apparent t h a t e a r l i e r r e s e a r c h e r s obta ined the same compound but i n -
c o r r e c t l y determined the s t o i c h i o m e t i y . The calcium a luminates are of 
primary importance t o t h e study of cements and t h e r e f o r e much work has 
been done wi th the va r ious hydrated forms. This i s g e n e r a l l y not r e l e -
vant t o t he c a l c i a - a l u m i n a - z i r c o n i a t e r n a r y system. 
Ik 
As determined by Nurse, e t . a l . , t h e r e a re four b ina ry compounds 
in the CaO-AlpO system: C^A, CA, CAp, and CA/-' Lea and Desch add 
C,pA_,, which Nurse s t a t e d i s not an anhydrous conrpoiond and thus not 
p roper ly p a r t of the b ina iy system. Nurse determined t h a t thermdynam-
i c a l l y a mixture of CA and C^A i s more s t a b l e than C-pA^ up to the me l t -
ing po in t of C^ryKr, which i s 1392 C. He was not ab le to prepare com-
p l e t e 1;/ anhydrous C-pA— and found t h a t the formula i s most a c c u r a t e l y , 
a t 950 C, C^pAr^'HpO. Thus i t i s most probable t h a t C^pA^ i s m e t a s t a b l e . 
CjJl- has a l so been sugges ted , poss ib ly as a polymorph of C^pA^. Nurse 
says t h a t i t i s me ta s t ab l e . Berezhnoi did show Ĉ -A in h i s t e r n a r y 
l6 
diagram. Brooksbank a l s o considered C^pA^ t o be a p a r t of the b ina ry 
system. CA^ has a l s o been c a l l e d C^A /̂- as publ ished by the American 
17 Ceramic Socie ty , but g e n e r a l l y i t has been accepted t o have the formula 
CA/-. F igure J shows the complete phase diagram as determined by Lea and 
D e s c h . •'•̂  
Nurse showed t h a t the four calcium a lumina t e s , C^A, CA, CAp and 
CA/r, melt incongruen t ly , a l though CA and CAp a re only veiy s l i g h t l y i n -
congruent . I f CAp were considered t o be C^A -̂, then i t would have t o be 
shown as a congruent ly mel t ing compound. 
1 Pt 









C^^Aj CA C3A5 CAg. 
f'igure 7' Phase Diagram of the CaO-AlpO_ System 
as determined by Lea and Desch ^5 
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and C^Ar- have been l i s t e d wi th almost i d e n t i c a l p a t t e r n s . This could be 
understood i f one accepted t h a t t he r e a l compound i s e i t h e r one or the 
o t h e r , and the remaining s t o i c h i o m e t r i c formulat ion i s r ea l ! ; / a s o l i d 
s o l u t i o n . Brooksbank showed t h a t t h e l i n e a r c o e f f i c i e n t of thermal 
expansion i s approximately the same, as determined by au thors who claimed 
t o have C„At- and as he determined fo r what he c a l l e d CAp. His value for 
thermal expansion WSLS 5-0 X lO" /°C from 0 °C t o 800 °C. Rigby and 
Green"^^ determined a value of 3-5 x 10 /°C from 100 °C t o 800 °C. They 
at tempted t o prepare CAp from a s t o i c h i o m e t r i c mix ture , but a f t e r hea t ing 
t o 1530 C they found the r e s u l t a n t mixture t o be C„Ac- and f ree alumina, 
from an o p t i c a l t h i n s e c t i o n examinat ion. In t h e i r observa t ion CA i s the 
most e a s i l y prepared of t he calcium a luminates and i t i s for t h a t reason , 
they exp la ined , t h a t one could ob ta in excess CA when s t a r t i n g from a CAp 
s t o i c h i o m e t i y . They s t a t e d veiy s t rong ly t h a t t he e q u i l i b r i u m s t a t e i s 
C3A5. 
20 Goldsmith prepared samples from the melt and found t h a t when CAp 
s to ich iomet ry was used as the s t a r t i n g mixture , t h a t he saw o p t i c a l l y 
only a s i n g l e phase . When C^A^ s to ich iomet ry was used , he saw two p h a s e s . 
F i r i n g was done a t l̂ jOO C. Goldsmi th ' s work was done t o confirm e a r l i e r 
21 22 
work of T a v i s c i and came t o s i m i l a r c o n c l u s i o n s . Wisnyi did cons id -
e r ab l e work s tudying CAp and i t i s h i s X-ray information t h a t i s publ i shed 
by JCEDS. Wisnyi determined t h a t t he d e n s i t y of CAp i s 2 .86 g / c c . Table 
h shows a comparison between t h e r e s u l t s of X-ray iadexing obta ined by 
23 
Wisnyi and l a t e r r e sea r ch done by Baldock. There a re no s i g n i f i c a n t 
d i sagreements , but enox:igh minor d i s c r epanc i e s t o ques t ion i f t h e s t r u c t u r e 
illlil.lllilllllllMliMI 
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Table h. Powder D i f f r ac t i on Data for CaO-2AlpO^ 23 
(A.STM • 
wir;(iYl 1 I'flKSKNT WOrU\ 
-l-<m?) 
d v7 100 1 h k 1 1 d , ob.^ 1 '' 1 1 ' :alc '^'1 IPO 
1 1 0 7.196 7.2091 i B 
6.193 20 2 0 0 6.161 6.16^2 7 
1 1 -1 4.607 4.6101 3 
k.ki9 75 0 2 0 







3 1 0 3.727 3.7302 i 
3.609 20 2 2 0 3.604 3.6C48 20 
3.5?o 100 3 1 -1 3.503 3.5020 100 
5.37? 5 0 2 1 3.379 3.3801 2 
3.?39 20 2 2 - 1 3.234 3.2326 7 
3.079 55 4 0 0 3.0340 3.0323 29 
5.C82 50 1 3 0 2.882 2.efiC'6 20 
?. 760 (O 2 2 1 2,753 2.7526 27 
2.717 55 3 1 1 2 . 7 1 2 2 . 7 1 2 0 2i 
0 0 2 ) { 2.6033 ' 
2.607 85 1 1 - 2 2.5909 2.5939 . 60 
1-3 -1 1 [ 2.5965 1 
2.531 25 ;; 2 0 2.534 2.53?7 13 
3 1 -2 2.462 2.4621 4 
1 3 1 2.45.-' 2.45C9 3 
2.436 35 5 1 -1 2.456 2.4351 1? 
3 3 0 2.4!.14 2.4032 3 
4 0 - 2 2.35o 2.3556 JB 
2.350 35 1 1 2 3.325 2.3?55 10 
0 4 0 2.222 2.2219 1 
2.208 40 
i 
2 0 2 
2 4 0 









4 2 - 2 ?.0827 2,0813 2 
5 1 - 2 2.0678 2.0676 6 
6 0 0 
|..0539 1 
2,0549 } 
2.059 55 ;• 14 
3 3 1 2.0531 
0 4 1 2,C44 2.0437 4 
2 4 - 1 ^.0065 2.0097 2 
2.003 W) j 1 3 -2 2.0001 2.0001,. 7 
j 5 1 1 1.9634 1.9636 5 
1.960 25 i 2 2 2 1.9592 1-9563 5 
I.9J.I 30 1 3 3 - 2 





5 3 - 1 
1 . V0'^ 25 1 6 0 - 2 1,9049 1.9052 7 
j 5 3 0 1.6956 1.8933 5 
1.875 1,0 1 3 2 1.8603 1.8693 5 
i . e o i 30 1 4 4 - 1 1.8007 1.8007 11 
1.760 
1 
20 i 3 1 -3 1.7615 1.7619 10 
!: 6 2 - 2 i „7502 1.7511 7 
. ! 
7 1 0 
5 3 - 2 
\ . 7 2 7 7 ; 
1.7277 
1.7272 
. . . 
5 
wir-NYi { ASTM 
1 • • • " • • ' • • — - -
P K h M K r V.OR>. 
1 
-
d V ' l 100 
h k 1 d , • obs d , 
CtiO 100 
1 
2 4 - 2 1.7140 1.7147 J 
1 5 -1 1.6680 1 . 6a32 5 
7 1 -2 1.6760 1.6771 J 
5 3 1 1.6646 1.6652 1 
1 5 1 1.6;.6i 1.6462 ^ 
5 1 -3 1.6572 1.6374 1 
f 4 2 2 1,6}06 1.6309 4 
1.628 1 6 2 1 
4 2 - 3 
1.62U7 
f i . 6 2 ; . 9 
[ 1 . 6 / U h» 
14 4 1 1.620'f 1.6202 6 
3 5 - 1 1.611 2 1.6109 2 
7 3 -1 1.5623 1.5624 2B 
1.556 20 1 2 4 2 1.55/0 1.5567 3 
5 1 2 1.5523 1,5516 5 
8 0 0 
6 iv -1 
l , . . , 0 3 | 
1.541 2 
1.539/ h 
1.537 30 3 3 -3 1.536^*. _ 1..5363 12 
1 3 - 3 1.5334 1.5335 12 
h. 1 
; 1.51 4 -
1.5155 \ 
1.511 25 6 2 - 1 1,514'-' 4 
7 3 0 i f l . 5 l ' . o ) 
6 4 0 l . 5 0 ? i 1-''0(17 1 
1.475 5 
0 6 0 




H 8 1 3 
1.4807 ( V 
2 2 3 i,/,r>:'i 1.469? 1 
3 5 -2 1.4'''03 1 . ; , 606 1 
8 2 0 1.4561 1.4561 1 
0 2 - 2 







1 3 3 1.444^ 1.4439 7 
2 6 0 1,44.'^1 1.4403 2 
1 5 2 1.4305 l.43'-'4 1 
0 6 1 1.4248 1,4248 2 
9 1 -1 




1.4131 1 ' 
1.403 5 2 4 - 3 1.4054 1.4054 2 
1.372 '*5 ; 
6 4 1 
4 4 - 3 





7 3 1 
2 6 1 
2 0 - 4 
6 2 2 







9 1 0 1.3539 1.3540 2 
1 4 0 Wi 1.34/9 I .34f i2 7 
1.337 ^̂-̂  1 4 6 0 1.3350 1.3352 5 
1.319 20 
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of CAp is fixed. In preparing CAp with a CA impurity of only O.5 weight 
percent Baldock used dried analar ca l c i t e and gibbsi te mixed s to ich io -
metrically and fired for five hours a t lUOO C to 1^50 C. He used a 
Ph i l l ips diffractome;ter for X-ray ana lys i s , whereas Wisnyi used a powder 
camera. 
No one has suggested that both CAp and C^A^ ex is t in equilibrium 
or that the structure ex is t s as a solid solut ion. Since the published 
X-ray patterns are s imilar , perhaps th i s poss ib i l i ty should be considered. 
The poss ib i l i ty of hydrated products should also be considered, since in 
other calcium aluminates, hydrates are important phases. The preparation 
of pure samples is apparently a problem which may also hinder an accurate 
understanding of the s tructure and propert ies of CAp. 
Al^O^-ZrO^ 
The AlpO -ZrOp binary system has no conipounds. If Dietzel*s rules 
concerning cation f ie ld s t rength are considered, t h i s is to be expected. 
2k By Die t ze l ' s calculat ions the f ie ld s t rength of Al is 0.96 and tha t of 
Zr is 0.77. Since the difference is only O.I9, less than the O.3 diff-
erence required for compound formation, i t is predicted tha t no s table 
compound can be formê d between the oxides of zirconium and aluminum. 
25 Hennicke found tha t alumina can be used to p a r t i a l l y s t a b i l i z e 
z i rconia . He mixed Zr(OH)r and A1(0H)„ together and f i red a t temperatures 
from 1200 C to I6OO C. He also experimented with oxide powders s i n -
tered a t 1600 C. Approximately one mole percent of alumina entered the 
zi rconia l a t t i c e . This solut ion caused par t of the zirconia to remain 
in the te t ragona l form at room temperature. After severa l of h is samples 
21 
were ground, they contained more monoclinic zirconia than before grind-
ing, which indicated tha t there was also a mechanical s t ab i l i z a t i on . Of 
p rac t i ca l importance was his discovery tha t on repeated thermal cycling, 
mixtuires of more than ten mole percent AlpO„ became b r i t t l e . Another 
important observation was tha t the corundum structure absorbed part of 
the s t ress tha t was caused by the density change when the t r ans i t ion from 
te t ragonal to monoclinic zirconia occurred. Hennicke also observed tha t 
the temperature a t which the te t ragonal to monoclinic t r ans i t i on occurred 
was lowered as the percentage of alumina was increased, when a cooling 
ra te of 10 C per minute was maintained. 
The Disappearing Phase Method of Phase Diagram Determination 
?6 
The disappearing phase method uses quanti tat ive X-ray diffract ion 
analysis to determine phase boundaries on a phase diagram. Several 
samples of differing phase compositions are analyzed by X-ray diffract ion 
and a weight ra t io or a mole r a t io of two phases for each composition is 
determined. The re la t ionship between weight r a t i o or mole ra t io of two 
phases and the phase composition is l inear so tha t an extrapolation may 
be made to determine a t what composition the phase ra t io becomes zero. 
This determines the posit ion of the phase boimdary. The method can be 
used in a ternary system if the amount of one component is held constant 
and the var ia t ion of the remaining two components is observed. For solid 
solution endpoints which vary in composition with temperature, the compos-
i t ion a t constant temperatures may be evaluated by t h i s technique. 
.—_._,„-. „_^|,gm 
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CHAPTER I I I 
PROCEDURE 
F o r t y - s i x samples were prepared with a minimum of 55 mole pe rcen t 
zirconia for determining the phase diagram of the high zirconia region of 
the calcia-aluraina-zirconia ternary system. Using quanti tat ive and qual-
i t a t ive phase analysis and l a t t i c e parameter information determined from 
X-ray d i f f rac t ion , the phase diagram was determined by the disappearing 
phase technique. The raw materials used were TAM CP zirconia of greater 
than 99*0^ puri ty and l.k micron pa r t i c l e s i ze , Alcoa A-l6 Superground 
alumina, and Fisher Scient i f ic Certif ied calcium carbonate, 99*9/^ pure. 
Optical analysis was made with a metallographic microscope to confirm the 
X-ray r e s u l t s . Three compositions were chosen to be fired for up to 2000 
hours to determine s t a b i l i t y of the phases. X-ray analysis was used to 
determine the phase s t a b i l i t y . 
Sample Preparation 
Compositions for four separate ser ies of f i r ings were chosen in 
the high zirconia region of the ternary system. Tables 5^ 6, J, and 8 
show the compositions which were chosen for the four ser ies of samples. 
For ser ies 1, ser ies 2, and ser ies h, a l l three components were weighed 
out for each composition and each was mixed thoroughly in an alumina 
automatic mortar and pest le for 30 minutes in acetone. Several pe l l e t s 
of each composition were pressed using a Carver hydraulic laboratory press 
to 5000 p s i . in a s ta in less s t e e l die 0.75 inches in diameter lubricated 
23 









1-1 Gh.o 2 0 . 0 16.0 
1-2 68.0 2 0 . 0 12.0 
1-3 72.0 2 0 . 0 8.0 
1-4 69.6 13.0 17.4 
1-5 . T 4 . 0 13-0 13.0 
1-6 78.3 13.0 8.7 
1-7 76.2 h.b 19.0 
1-8 80.9 4.8 14.3 
1-9 85.7 4.8 9.5 
2k 






mole '̂  
CaO 
mole ^ 
2 -1 55.0 25 .0 20 .0 
2-2 57-5 25.0 17.5 
2-3 6o.o 25.0 15.0 
2-if 62.5 25.0 12.5 
2-5 65 .0 25.0 10.0 
2-6 60 .0 20 .0 20 .0 
2-T 62.5 20.0 17.5 
2-8 65 .0 20.0 15.0 
2-9 67 .5 20 .0 12.5 
2-10 70 .0 20.0 10.0 
2-11 65 .0 15.0 20.0 
2-12 67 .5 15.0 17.5 
2-13 70.0 15.0 15.0 
2 - 1 ^ 72.5 15.0 12.5 
2-15 75.0 15.0 10.0 
2 - l 6 70.0 10.0 20.0 
2-17 72.5 10.0 17.5 
2 - l 8 75.0 10.0 15.0 
2-19 77.5 10.0 12.5 
2-20 80.0 10.0 10.0 
2-21 75.0 5.0 20.0 
2-22 77.5 5.0 17.5 
2-23 80.0 5.0 15.0 
2-2^ 82.5 5.0 12.5 
2-25 85.0 5.0 10.0 
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3-1 61^.0 20.0 16.0 
3-2 68 .0 20.0 12.0 
3-3 72 .0 20.0 8.0 
3 - ^ 69 .6 13.0 17. ^ 
3-5 T^.O 13.0 13.0 
3-6 78 .3 13.0 8.7 
3-T 76 .2 ^ . 8 19.0 
3-8 80.9 U.8 1^.3 
3-9 85.7 i | .8 9 .5 
3-10 80.0 0 20 .0 
3-11 85.0 0 15.0 
3-12 90.0 0 10.0 









^ - 1 22 .0 33.0 U5.O 
U-2 ko.o 20.0 ^0 .0 
^-3 50.0 12.0 38.0 
h-k 60.0 12.0 28 .0 
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with s tear ic acid in acetone. No binder was found to be required since 
the pe l l e t s held together and no laminations appeared. The thickness of 
the pe l l e t s was approximately 0.25 inches. 
Series 1 pe l l e t s were calcined a t 1200 C in a s i l i con carbide 
resistance furnace for 3*5 hours and fired to I7OO C in a gas fired 
furnace for three hours. The pe l l e t s were allowed to slow cool in the 
furnace before being removed. 
Series 2 and ser ies h samples were calcined as powders a t 13OO C 
for 16 hours. The calcined powders were remixed in the automatic mortar 
and pest le and pressed as p e l l e t s . The pe l l e t s were sintered at I5OO C 
in a s i l i con carbide resis tance furnace for 20 hours. Cooling was con-
t ro l l ed at a rate of one degree per minute. After the ser ies 2 samples 
had been analyzed as described below, they were a l l reloaded into the 
furnace and refired to I5OO °C for 20 hours. After 20 hours a t I5OO °C 
they were rapidly removed and quenched in water. 
For ser ies 3 ^ different method of preparation was used. The 
correct proportions of calcia and zirconia were mixed in the automatic 
mortar and pest le for one hour. These mixtures were calcined as powders 
a t 1^00 C for 16 hours. After t h i s s tabi l ized zirconia was prepared, 
alumina of the required proportions was added, mixed, and the powder 
pressed into pe l l e t s as described above. These pe l l e t s were f ired a t 
1500 C for 25 hours and slow cooled a t one degree per minute. 
For the determination of the long term phase s t a b i l i t y , three 
compositions were chosen as shown in Table 9. Four kilograms of each 
composition was prepared. Each batch was mixed in a polyethylene j a r with 
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alumina b a l l s for 2U hours and the powder was ca lc ined a t 1200 C for 20 
hour s . The ca lc ined powder was examined by X-ray d i f f r a c t i o n t o determine 
i f a s t a b l e r a t i o of cubic t o raonoclinic z i r c o n i a had been achieved. The 
ba tches were reground in the polye thylene j a r s and le ca lc ined twice before 
a cons tan t cubic to raonoclinic z i r c o n i a r a t i o was ob ta ined . One hundred 
p e l l e t s of each composition were prepared and f i r e d to 1550 C for 2h 
hours . F i f t y were placed in an e l e c t r i c r e s i s t a n c e furnace and brought 
up t o 900 C and 50 were placed in a second furnace and brought up to 
1300 C. A l l of the p e l l e t s were placed on s t a b i l i z e d z i r c o n i a p l a t e s 
which were stacked for maximum use of the furnace space . At 200 hours 
two p e l l e t s of each composition a t each temperature were removed. The 
furnace door was opened and the r equ i red p e l l e t s removed as quickly as 
p o s s i b l e and thus a i r cooled , without a f f e c t i n g t h e remaining p e l l e t s . 
This procedure was followed succes s ive ly a t each 200 hours up to 2000 
h o u r s . At 1000 hours both furnaces were cooled to room temperature a t 
one degree per minute to examine the contents and t o remove o t h e r samples 
not involved with the phase s t a b i l i t y work. Both furnaces were rehea ted 
a t the same one degree per minute t o 9OO C and I3OO C r e s p e c t i v e l y for 
the second one thousand h o u r s . 









A TT.5 10.0 12.5 
B 68.0 17.5 IU.5 
C 57.5 25.0 17.5 
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Qualitative X-Ray Analysis 
For a l l of the X-ray work a Philips Electronics diffractometer 
with a solid s ta te s c in t i l a t i on detector and Ortec single channel ampli-
f i e r , rate meter, and associated e lectronics with output displayed on a 
Br is to l ten mi l l ivol t recorder was used. This uni t employed nickel 
f i l t e red Cu Ka radiat ion and the X-ray tube was operated at ^5 kv and 
25 ma. Geometrically the X-ray beam had a k take off angle, a 1 diver-
gence s l i t , a 1 sca t t e r s l i t , and a O.OO3 inch receiving s l i t . All scans 
were run at one degree per minute unless otherwise noted. Powder sam-
ples were back loaded into an aluminum holder and packed onto a frosted 
glass s l ide to give a random surface for scanning. For ident i f ica t ion 
of phases, scans were made from 20 = 1^ to 20 = 70 • Comparison was 
made to the Joint Committee on Powder Diffraction Standards Powder Dif-
fraction File to determine exactly which phases were present as each 
l ine in the X-ray scan was accounted for. 
One pe l l e t of each of the ser ies 1 compositions was crushed and 
g]X)imd to approximately -325 mesh in the automatic mortar and pest le for 
X-ray ana lys i s . For the remaining ser ies of samples i t was determined 
that X-raying the surface of the pe l l e t s was sa t is factory and less time 
consuming than crushing the p e l l e t s , which were very d i f f i cu l t to grind. 
The surface of each pe l l e t was ground s l igh t ly with s i l icon carbide 
paper of I80 and 320 g r i t to insure a f l a t surface which would f i t repro-
ducibly into the sample holder c l i p of the goniometer. 
Quantitative X-Ray Analysis 
27 
Azaroff showed that for polymorphic modifications of the same 
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composition (such as cubic zirconia and monoclinic zirconia) the weight 
ra t io of the two polymorphs in a mixture is d i rec t ly proportional to the 
ra t io of the two peak heights , one generated by each c rys ta l l ine s t ruc-
t u r e . He recommended preparing a graph to re la te intensi ty ra t ios to 
composition. In order to follow th i s procedure, samples of pure cubic 
zirconia (15 mole pesrcent CaO) and of pure monoclinic zirconia were mixed 
together in the automatic mortar and pes t le to have weight r a t ios (cubic: 
monoclinic) of ^ : 1 , 1:1, and 1:^. An X-ray scan was made of each compos-
i t ion from 20 = 27° to 20 = 32°. For the cubic phase the major peak of 
100^ intensi ty corresponding to the 111 plane a t a d spacing of 2-92 A 
was chosen. Two peaks from the monoclinic phase were chosen to compare 
to the cubic peak in order tha t two separate weight ra t ios might be deter-
mined. The values reported are an average of the two weight r a t i o s . 
Both monoclinic peaks were close to the cubic peak: one corresponded to 
the 111 plane at d spacing 3-l6 A and the other to the 111 plane at d 
spacing 2.83U A. Ratios of peak Ijitensity for the three standard samples 
were determined and a graph' was constructed to be used for determining 
weight ra t ios for a l l of the samples, Figure 8. The equations for the 
two l ines are as follows: 
Y^ = 2.027 X^ + 0.05^ Y^ = 3.082 X-̂  + 0.105 (1) 
where Y is intensi ty of cubic 111 peak 
intensi ty of mono 111 peak 
X̂  is weight cubic 
weight mono 
Yp is in tensi ty of cubic 111 peak 
intensi ty of mono 111 peak 
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Weight cubic r Weight mono c l in ic 
Figure 8. Relationship between Peak In tens i t ies and Weight 
Ratios of Cubic to Monoclinic Zirconia 
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For each of the samples which had both cubic zirconia and monoclinic z i r -
conia, a determination of the weight r a t io was made from these equations. 
The average value determined from the two ra t ios was calculated. 
Latt ice Parameter Measuirement 
Latt ice parameter values weire determined for the cubic zirconia 
phase in samples A, B, and C a t 0, 200, 1000, and 2000 hours at 900 "̂C and 
1300 C, and also a t ^00 hours for the 13OO C samples. X-ray scans were 
made at one half degree per minute from 20 = 1 3 to 20 = 135 • From in-
formation in the JCIPDS f i l e s re la t ing to d̂  spacing in c rys ta l l ine planes 
accurate values for the a parameter were determined by using the follow-
ing formula: . 
p o p 
1 = h + k + 1 (2) 
^ 2 2 2 2 d a a a 
where h, k, 1 are the indices of the plane 
a is the l a t t i c e parameter (in a cubic s t inc ture a l l three dimen-
sions are the same) 
d_ is the interplanar spacing. 
Bragg's Law gives the re la t ionship between d and 0, the angle of d i f f rac-
t ion in terms of A , the wavelength of radiat ion used, in t h i s case 
1.5^18 A for Cu Ka : 
n A = 2d sin0 (3) 
where n is an integer . 
In order to determine the actual l a t t i c e parameter a for any 
par t icu lar sample, an extrapolation must be made. For th i s a was plot ted 
versus cos0cot0 and t h i s c\irve was extrapolated to the point where 
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cosOcotO is zero. This value of a at cosOcotO = 0 is the true l a t t i c e 
parameter for the sample. For actual ly determining t h i s intercept a 
PDF 8 computer which had been programmed to do a least squares regression 
was used to give an accurate estimate of the l a t t i c e parameter. The 
program also gave a value for the correlat ion coefficient of the est imate, 
an indication of the closeness of a l l of the points to the l i n e . Figure 
9 gives an example of one extrapolation tha t was made. 
2 
An attempt a t extrapolation by re la t ing a to cos 0 was also made, 
but t h i s was not accurate compared to the extrapolation of the a versus 
cosGcotO graph. Generally the a versus cosOcotO extrapolation works 
2 
be t t e r than the a versus cos 0 extrapolation when the X-ray beam is 
aligned so tha t i t is not exactly aimed at the plane of the surface of 
the sample. This misalignment does not par t i cu la r ly affect the accuracy 
of l a t t i c e parameter determinations when the cosOcotO extrapolation is 
used. 
Quantitative Optical Determination 
One pe l l e t of each sample was prepared for op t ica l examination by 
mounting in Quickmount, a se l f - se t t ing resin type of t ranslucent p las t i c 
commonly used for metallographic work. Each pe l l e t was wet polished 
successively on l80, 320, and 600 g r i t s i l i con carbide grinding paper. 
Final polishing was done with a Syntron automatic vibrat ing pol isher . 
One micron diamond paste with water as a lubricant was used on a nylon 
cloth surface. Twenty-four hours of polishing on t h i s device was r e -
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photographed using a Polaroid attachment on a Reichert Metallographic 
Microscope at 600x in reflected light and bright field. From these 
photographs the volume fraction of each phase was determined by a system-
atic point counting technique, which is described in Appendix A-
Density Determination 
The bulk density of each sample was determined by a technique in-
volving immersion in kerosene. Each sample was weighed on an accurate 
balance. For 2k hours all of the samples were soaked in kerosene in 
order to fill all of the pores. After soaking, each sample was weighed 
again while suspended on a wire mesh hanger in a beaker of kerosene, 
insuring that no air bubbles remained attached to the pellet. Density 
was calculated from the following formula: 
density = ——'• x s.g. (h) 
'' d.w. - s.w. ^ ^ ̂  
where d.w. is the dry weight 
s.w. is the suspended weight 
s .g . is the specific gravity of the kerosene. 
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CMPTER IV 
RESULTS AND DISCUSSION OF RESULTS 
From q u a l i t a t i v e and q u a n t i t a t i v e X-ray a n a l y s i s of f i r e d samples, 
a phase diagram was determined for the z i r c o n i a r i c h c o m e r of the CaO-
AlpO -ZrOp t e r n a r y system. Comparison of the a n a l y s i s of samples f i r e d 
a t 1500 C for 20 hours and for an a d d i t i o n a l 20 hours was made t o prove 
t h a t t h e der ived diagram was indeed an e q u i l i b r i u m diagram. From o p t i c a l 
a n a l y s i s of t t e samples, i t was determined t h a t t h e r e was l e s s than O.5 
mole pe rcen t alumina s o l u b i l i t y in. z i r c o n i a . O p t i c a l and X-ray a n a l y s i s 
i nd i ca t ed the p o s s i b i l i t y of s o l i d s o l u t i o n of the compound known as CAp 
s ince the s to ichionie t ry a t I5OO C was more nea r ly ^ A„. Long term 
changes in c a l c i a s o l u b i l i t y in cubic z i r c o n i a were s tud ied for up t o 
2000 hours in samples which had been s i n t e r e d a t 1550 C. These s t u d i e s 
were made a t 9OO C and I3OO C. S o l u b i l i t y changes were measured by 
q u a n t i t a t i v e X-ray aj ia lysis and by measuring changes in l a t t i c e parameter 
dimensions of cubic z i r c o n i a . Eva lua t ion of s e v e r a l samples f i r e d a t 
1700 C i n d i c a t e d t h a t mel t ing had occurred and t h a t e q u i l i b r i u m was not 
a t t a i n e d . 
Q u a l i t a t i v e Phase Diagram a t 1^00 C 
Using the phases p27esent as obta ined from q u a l i t a t i v e X-ray d i f -
f r a c t i o n a n a l y s i s of s e r i e s 2 and s e r i e s 3 samples , Appendix B, e s t ima ted 
Alkemade l i n e s were drawn t o d iv ide the t h r e e phase regions which were 
ob t a ined . Figure 10. The c r y s t a l l i n e phases found in each sample a f t e r 
o Cubic + Mono + CAp - series 2 
• Cubic + Mono + CA^ - series 3 
2 
A Mono + CAp + CA^ - s e r i e s 2 
A Mono + CAp + CA^ - s e r i e s 3 
B Cubic + CAp - s e r i e s 2 







mole percen t CaO 
Phase Analys i s of Samples Slow-Cooled from 150O °C 
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f i r ing for 20 hours and slow cooling were ident ica l to those foimd in 
the samples af ter f i r ing for kO hours and water quenching. From these 
qual i ta t ive resu l t s at I5OO C, equilibrium appeared to have been ob-
tained, but the question was approached more rigorously in the following 
sect ion. From phase equ i l ib r ia theory, a two phase region should divide 
the CÂ  + CA/- + monoclinic zirconia area from the CA„ + cubic zirconia + 2 6 2 
monoclinic zirconia area. No sample with only CAp + monoclinic zirconia 
was found, but i t is cer ta inly reasonable that the region is almost the 
width of a l ine and tha t no composition was chosen for analysis that f e l l 
exactly on that l i n e . 
Calculation of Alkeiiiade Lines and Verif icat ion of Equilibrium at 1^00 C 
In order to calculate the exact posit ion of the CAp - cubic and 
CAp - monoclinic Alkemade l i ne s , the cubic and monoclinic zirconia peak 
heights from the X-ray scan for each sample were used to determine quant-
i t a t ive ly the weight r a t io of cubic zirconia to monoclinic zirconia in 
each sample tha t contained both phases. These weight r a t io values wei^ 
converted to a mole basis to be compatible with the remaining quant i ta t ive 
information which was in mole percent. For conversion the composition 
of cubic zirconia was assumed to be 13 mole percent CaO and 87 mole 
percent z i rconia . No signif icant var ia t ion in the values would have been 
obtained i f a composition for cubic zirconia of 16 mole percent ca lc ia , 
which is also suggested in the l i t e r a t u r e , had been used. The assumption 
was also made that monoclinic zirconia was 100 percent zirconia. This 
assumption is jus t i f i ed since no more than one mole percent calcia exis ts 
in monoclinic zirconia, from published phase diagrams. The cubic zirconia 
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to monoclinic zirconia Alkeraade l ine must also be assumed to l i e a t a 
constant mole percent alumina. With these assumptions made, i t may be 
stated that the r a t io of cubic zirconia to cubic plus monoclinic zirconia 
varies l inear ly from 0 to 1 on any constant mole percent alumina l ine 
across the compatibili ty t r i a n g l e . Thus the exact posit ion of the Alkemade 
l ines may be determined from quant i ta t ive X-ray data. 
To predict the two Alkemade l ines intersect ing at CA and bounding 
the cubic + monoclinic + CAp phase region, the cubic : (cubic + mono-
c l in ic ) r a t io was plotted versus the mole percent calcia of samples con-
taining a constant mole percent of alumina. Figure 11. These re la t ion-
ships were then extrapolated using a l inear regression program to deter-
mine the endpoints, which are points on the Alkemade l i ne s . The calcia 
contents a t 0 percent and 100 percent cubic a t various alumina contents 
were used to ca lcu la te , again by the l inear regression method, the 
equations of the two Alkemade l i ne s . Appendix C contains the data from 
measuring cubic to monoclinic ra t ios and the calculated mole b a s i s . 
I n i t i a l l y , equations for the l ines for the slow cooled ser ies 2 
samples were determined as follows: 
io CaO a t 100 i cubic = 0.29 (A1 0^) + 11.09 (5) 
io CaO at 0 io cubic = O.56 (Al^O ) + 2.58. (6) 
In order to prove that equilibrium had been reached, the same procedure 
for calculat ing the two Alkemade l ines was performed for the ser ies 2 
samples a f te r they had been reflated for a second 20 hours and quenched. 
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io CaO at 100 % cubic = 0.26 (Al^O ) + 11.8 (?) 
i CaO at 0 io cubic = 0.53 (AI^O^) - 2.25 • (8) 
As can be seen in Figure 12, within the l imits of experimental e r ro r , a 
close agreement ex i s t s between the Alkemade l ines determined a t 20 and ^0 
hours. This agreememt demonstrates tha t the slow cooled ser ies 2 samples 
had reached equilibrium af te r being fired for 20 hours, since there was 
no change af ter a second 20 hour f i r ing and quenching. 
Examination of the ser ies 3 quanti tat ive resu l t s indicated that 
there was good agreement with the ser ies 2 r e s u l t s . This observation 
indicated that the method of preparation did not affect the resul t ing 
phases, as should be expected i f equilibrium had been reached. Thus alvim-
ina may be added to s tabi l ized zirconia with the same resu l t s as mixing 
ca lc ia , alumina, and monoclinic zirconia in one operation. 
In order to obtain the most accurate l i nes , since a l l three se ts 
of data (ser ies 2 slow cooled, ser ies 2 quenched, and ser ies 3) were in 
agreement, the cubic to monoclinic r a t i o for a l l of the samples was used 
to calculate the two Alkemade l i nes , Figure 13• The equation of the CAp-
cubic zirconia l ine was as follows: 
io CaO at 100 f cubic = 0.28 (AI^O^) + 11-58, (9) 
and the equation of the CAp - monoclinic zirconia l ine was as follows: 
io CaO at 0 io cubic = 0.^8 (AI^O^) - O.89 . (lO) 
Alumina Solubi l i ty in Cubic and Monoclinic Zirconia 
The solid solution region along the calc ia-zi rconia binary line 





Figure 12. Cubic Zi rconia Alkemade Lines a t 20 and kO Hours F i r i ng a t 
1500 '^C, Verifying Equi l ibr ium by Reproduc ib i l i ty of Lines 
J+2 
15 10 5 
^T"^ CaO (mole i) 
Figure 13. Alkeraade Lines Bounding the Cubic + Monoclinic + CA, 
Region a t 1500 °C 
ZrO. 
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for aliomina has been estimated from Information in the l i t e r a tu r e and from 
/r 
opt ical ly determined CAp volume contents. Takagi indicated that at 0.5 
weight percent alumina he saw a calcium aluminate phase when samples were 
fired a t 17OO C. ITiis observation suggests that the region of alumina 
so lub i l i ty does not extend as much as 0.55 mole percent above the l i ne . 
Quantitative X-ray analysis could not be used to determine the amoimt of 
CAp present in each sample because a suff ic ient ly pure sample of CAp was 
not avai lable . 
From the op t ica l data, an estimate was made of the compositions a t 
which the CAp phase disappeared and reached 100 ^. Samples 2-2, 3-1^ 3-5; 
2-25; and 3-9 were chosen since they lay on a l ine drawn from CAp to a 
composition of eight mole percent calc ia and 92 mole percent z i rconia . 
The photographs of two samples, 3-1 and 3-9 are shown in Figure 1^ as ex-
amples of the microstructures which were observed. A method similar to 
that used for determining the posi t ion of the Alkemade l ines was used. 
The volume percents of the CAp phase were converted to weight percents, 
assuming a 2:1 weight r a t io of cubic to monoclinic zirconia and densi t ies 
of 6.15 g/cc for cubic zirconia, 5*83 g/cc for monoclinic zirconia, and 
2.89 g/cc for CAp. Weight percents were converted to mole percents 
assuming tha t CAp was exactly a 1:2 r a t i o and tha t the other end point of 
the t i e l ine was at eight mole percent calc ia and 92 mole percent zirconia. 
Table 10 shows the data as converted. Mole percent CAp was plotted versus 
mole percent AlpO and with a l inear regi^ssion program the best l ine f i t 
was determined. Figure 15. Extrapolation to 100 ^ CAp gave a s to ich io-
metry for CAp of 69.2 mole percent alumina and 30*8 mole percent ca l c i a . 
Uil 
r Mfc Sample 3-1 
ZrOg 6U m/o 
CaO 16 m/o 
AlgO^ 20 m/o 
Sample 3-9 
ZrO^ 85-7 m/o 
CaO 9.5 m/o 
Al20^ U.8 m/o 












m/o CA,, = 1.3^(m/o AI2O2) + 7 -3^ 
10 
mole i AlpO 
+ 2.4% = 2 s t d . dev. 
20 ^ 
Figure 15. Ex t r apo la t i on of CAp Composition to 0$ 
Alumina t o Determine Al 0 S o l u b i l i t y 
in Z i rcon ia 
h6 
Table 10. Optical data for CAp Stoichiometry Determination 
Sample m/o m/o v o l io vt io m/o 
Number CaO Al^O^ CA^ CA^ CA2 
2-2 17.5 25 .0 50 32.35 39.^ 
3-1 l 6 . 0 20.0 kS 30.63 37.5 
3-5 13.0 13.0 30 17.01 21 .8 
2-25 10.0 5.0 21 11.28 1^.7 
3-9 9.5 ^.8 20 10.68 li+.O 
which is closer to 0 A than CAp. Extrapolation to 0 ̂  CA„ resulted in a 
negative alumina value, which is obviously erroneous, but does suggest 
that very little alumina exists in solid solution in either zirconia phase, 
as noted by Takagi. 
CaO-A1^0_-ZrO^ Phase Equilibria at I5OO C 
ci—^ td. 
From the da ta p resen ted above p lus information obta ined from the 
l i t e r a t u r e , i t i s p o s s i b l e t o c o n s t r u c t a phase diagram of the high z i r -
conia region of the c a l c i a - a l u m i n a - z i r c o n i a ternairy system a t I5OO °C, 
Figure 16. The CAp - cubic z i r c o n i a and CAp - monoclinic z i r c o n i a Alke-
made l i n e s determined above are shown s o l i d because they have been accu r -
a t e l y determined. From equat ion 9, the Alkemade l i n e e x t r a p o l a t i o n t o 0 ^ 
alumina, the boundaiy between the cubic + CAp reg ion and the cubic + mono-
c l i n i c + CAp region i s placed a t 11.6 mole percen t CaO, r a t h e r than the I3 
t o 16 mole percent r epor ted by o the r i n v e s t i g a t o r s . The cubic z i r c o n i a -
monoclinic z i r c o n i a Alkemade l i n e i s drawn a t O.5 mole percen t alumina, 
as descr ibed above. 
k7 
A l o O 
Figure l 6 . Calc ia-Alumina-Zirconia Phase Diagram 
a t 1500 °C 
^8 
The fact that the Alkemade l ines from CAp to cubic zirconia and 
from CÂ  to raonoclinic zirconia intersected the Al^O^ - CaO binary at 
69 mole percent AlpO and 3I mole percent CaO and also that the CÂ  volumes 
extrapolated to 100^, resulted in the same AlpO - CaO composition for 
CAp may prove to be s igni f icant . Because the extrapolations were made 
from the high zirconia region to the low zirconia region, experimental 
e r ror may have produced the indicated deviation from CAp stoichiometry. 
However, i f these resu l t s were accepted, then CAp must ex is t as a solid 
solut ion. From the data obtained, the stoichiometry was closer to C„A„, 
but no where in the l i t e r a tu r e was any s-mggestion of th i s poss ib i l i ty 
made. Determination of the CAp l a t t i c e parameters at various temperatures 
would show if the CA,p stoichiometry were changing, but because the CAp 
c rys ta l s t ructure is monoclinic, accurate calculat ion is very d i f f i c u l t . 
An attempt at determining the l a t t i c e parameters of CAp was made by assum-
ing that the l a t t i c e angles remained unchanged, but the resu l t s were ex-
tremely sca t tered , indicating that only a low degree of accuracy was poss-
ib l e . Because of the lack of agreement in the l i t e r a tu r e about the s t ruc-
ture of CAp, different invest igators may have arrived a t different solid 
solution compositions of the same compound, depending on t h e i r method of 
preparation or the raw materials used. A small amount of zirconia may 
possibly have entered the CAp l a t t i c e , which would a l t e r the resu l t s of 
quant i ta t ive X-ray analysis as calculated from the data. More invest iga-
t ion needs to be done concerning the s t ructure of CAp in the presence of 
zirconia. 
The Alkemade line from the high calc ia cubic zirconia to CAp was 
^9 
9 estimated from the calc ia-zi rconia binary diagram by Duwez as was the 
line from CZ t o CAp. To confirm qua l i ta t ive ly that the regions were 
labeled correc t ly , three samples in the cubic + CZ + CAp t r iangle and 
one in the CAp + CZ + CA t r i ang l e , ser ies k samples, were fired and anal-
yzed by X-ray. No quanti tat ive or other exhaustive analysis was performed. 
Phase analysis by X-ray did confirm that the two t r iangles were drawn 
properly. The Alkemade line from monoclinic zirconia to CA/- is also 
drawn from l i t e r a tu r e data. Samples 2-5 and 2-10 did confirm the com-
posit ion of the region to be monoclinic + CAp + CA/-. The phase diagram 
at greater than 50 mole percent ca lc ia is drawn from the investigation 
of Berezhnoi . 
Upon or ig ina l x-ray examination of samples 2-11, 2-12, 2- l6 , 2-21, 
and 2-22, an addi t ional phase was found to be present in small amounts. 
Ident i f ica t ion from JCPDS File Cards indicated tha t the phase was 
UCaO*3AlpO 'SO . ITie chemical analysis of the TAM zirconia which was 
used as a raw material showed an SOp content of 0.1/^, which was apparent-
ly enough for t h i s addi t ional phase to appear on the surface of the sam-
ples . When the surface of the pe l l e t s was gound off with s i l icon car-
bide grinding paper, t h i s phase disappeared in the X-ray scans. Since 
the phase appeared only on the surface and was caused by an impurity, 
further consideration was omitted and the surface of each sample was 
ground suff ic ient ly to eliminate what was considered to be a contaminant. 
Ijong Tenn Phase Equi l ibr ia S t ab i l i t y 
Changes in the amount of so lub i l i ty of ca lc ia in cubic zirconia 
were studied for up to 2000 hours at 900 C and I3OO C. Quantitative 
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X-ray analysis was used to study the des tabi l iza t ion of cubic zirconia. 
Latt ice parameter measurements were made to confirm the indicated amoimt 
of des tab i l iza t ion . 
Quantitative X-Ray ilnalysis 
Three compositions were chosen in the cubic zirconia + monoclinic 
zirconia + CAp compatibility t r iangle for determining the s t a b i l i t y of 
the phases over periods of time up to 2000 hours of f i r i ng . Two temper-
o o 
a tu res , 900 C and I3OO C, were chosen for experimentation since these 
seemed to be temperatures at which industry might use these compositions 
as r e f r ac to r i e s . The three compositions were chosen at points where the 
cubic to monoclinic zirconia weight r a t i o was approximately 3^1 ^s deter-
mined from the resu l t s of the I5OO C analys is . Sample A was 10.0 mole 
percent alumina and 12.5 mole percent ca lc ia , sample B was 17*5 mole 
percent alumina and 1^-5 mole percent ca lc ia , and sample C was 25 mole 
percent alumina and IT*5 mole percent ca lc ia . 
The three compositions were i n i t i a l l y fired at 1550 C in order 
to densify the pe l l e t s more completely than at I5OO C. X-ray analysis 
of the f i i^d pe l l e t s showed tha t even a 50 C increase in temperature had 
s ignif icant ly increased the weight r a t i o of cubic to monoclinic zirconia 
compared to the contents at I5OO C. This change in weight r a t i o indicated 
that one of the solid solution endpoints changed considerably. The anal -
ysis of sample C showed no monoclinic zirconia at 1550 C, which meant 
that the Alkemade line had moved to a CaO content lower than th i s com-
posit ion point . In order to calculate the posit ion of the CAp - cubic 
zirconia Alkemade l i ne , i t was assumed tha t the Alkemade line joining 
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9 25 
CAp and monoclinic zirconia did not move, since Duwez and Hennicke 
both indicated tha t the]7e was very limited solid solution in monoclinic 
zirconia. From the equation for the CAp - monoclinic zirconia line at 
1500 C, the CaO content a t 10, IT*5^ and 2 5 mole percent alumina (com-
positions A, B, and C respectively) was determined. Using the calc ia 
contents at 0^ cubic zirconia and the r a t io of cubic to cubic plus mono-
c l in ic zirconia at the three compositions, the 100 ^ cubic line was ca l -
culated as described for I5OO C, Figure IT- Since there was only one 
data point a t each alumina composition, the location of the line could 
not be determined as accurately as the I5OO C l ine was establ ished. The 
implication from the posit ion of the 1550 C l ine is that the composition 
of CAp was varying more than the composition of the cubic zirconia. Be-
cause only three data points were avai lable , t h i s conclusion is open to 
question. I t must also be stated that i f the CAp composition were chang-
ing with temperature increase, then the CAp - monoclinic zirconia Alkemade 
line would also be changing; thus the I5OO C line equation would not be 
valid for determining the second data point a t each alumina composition. 
However, from l a t t i c e parameter measurements for cubic zirconia, to be 
presented below, i t w i l l be shown tha t CaO solid solution changes in z i r -
conia resulted in the Alkemade line movement. 
Quantitative X-ray resu l t s of the surface scans of the long term 
fired samples af ter f i r ing at 9OO C and I3OO C were inconsis tent , par-
t i cu l a r ly for the samples being held at 9OO C. The pe l le t surfaces were 
ground to remove approximately 1 mm and consistency was obtained. Further 
grinding showed no changes in the weight r a t ios of cubic to monoclinic 





Figure YJ. Alkemade Line a t 1550 C from CAp to Cubic Zi rconia 
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zirconia. The quantitative X-ray results for the long term fired samples 
are presented in Appendix D. Changes in the ratio of cubic zirconia to 
cubic plus monoclinic zirconia, Figures l8 and 19, give a clear indication 
of phase changes with respect to time. 
At 1300 C little problem existed with surface inconsistencies, 
as results obtained from a lightly ground surface agreed well with a 1 mm 
surface removal. A considerable decrease in the amount of cubic zirconia 
with firing time can be seen. By 1000 hours equilibrium had been reached, 
as indicated by a constant cubic to cubic plus monoclinic ratio from 1000 
to 2000 hours. It may be noted that sample C must be very close to the 
boundary because its composition changed radically in the first ^00 hours. 
Samples A and B cha,nged in the same direction but to a lesser extent. 
The Alkemade line from CAp to cubic zirconia at 13OO C was deter-
mined by the same method as was used at 1550 C, and thus not too great 
an accuracy could be implied. The calculated position. Figure 20, indic-
ates that approxims,tely a three mole percent increase occurred in the 
calcia content of cubic zirconia from 15OO C to 13OO C. The increase was 
9 
slightly more than expected from results reported by Duwez , but the data 
is limited, and therefore not conclusive. 
At 900 C the destabilization Process took place very slowly. 
Sample C showed this process most clearly, in that the X-ray data indic-
ated no monoclinic zirconia for 1000 hours and only a slow increase from 
1000 to 2000 hours., Changes in samples A and B are almost imperceptible. 
After about l400 hours sample A appeared to begin to destabilize. In 
sample B there was no perceptible change in the weight ratio of cubic to 
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Figure 19- Change in Amount of Cubic Zirconia with Time at I3OO "̂C 
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Figure 20. Alkemade Line a t I3OO C from CA t o Cubic Zirconia 
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monoclinic zirconla. Thus with the cubic to monoclinic ratios showing 
little change from 1550 C, the samples are not near equilibrium, even 
after 2000 hours. From thermal expansion measui^ments made on these 
28 
samples in related work , the monoclinic zirconia content was found to 
be increasing even at 200 and UOO hours for each of the samples at 9^0 C, 
but the change was small, indicating that only a slight amount of de-
stabilization was occurring in samples fired to 1550 C Because equil-
ibrium was not attained at 900 C, no estimation of the tie line at this 
temperature could be made. 
At 900 C the above data etgrees well with the results obtained by 
9 
Duwez for long term stability of a pure calcia stabilized zirconia. At 
1300 C, though, he found much better stability of calcia stabilized 
zirconia than was indicated for calcia stabilized zirconia with alumina 
additions. For samples A and B the actual amount of destabilization at 
1300 C may not be enough to cause a practical problem. For instance, 
sample A changed from a composition that was 11.0 weight percent mono-
clinic zirconia at 1550 C to one that was 25.0 weight percent monoclinic 
zirconia at I3OO C. Measurements of the coefficients of linear thermal 
expansion might show a small enough change that the thermal shock char-
acteristics would not be adversely affected. Even the change in sample 
C from a cubic zirconia composition to one that was 10.8 weight percent 
monoclinic might not be enough of a change to cause a problem in actual 
use. This particular area is one in which more work must be done. 
Lattice Parameter IDeterminations for Cubic Zirconia 
In order to study changes in the structure of the zirconia cubic 
solid solution, the lattice parameter was determined for samples at 0, 
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200, 1000, and 2000 hours a t both 900 °C and I3OO °C and for the I3OO °C 
samples also at ^00 hours. A l a t t i c e parameter value of 5*126 for the 
samples as fired at 1550 C agrees be t t e r with the data published by 
10 9 
Garvie than with that of Duwez . Figure 21 shows the averaged l a t t i c e 
parameters of samples A, B, and C versus time and includes the var iat ions 
which were observed. The I3OO C data is as expected. Both Duwez and 
Garvie indicated that a var ia t ion in a of O.OO3 A represents approximately 
a change in composition of two mole percent ca lc ia . Thus the change in 
l a t t i c e parameter from 1550 C to I3OO C agrees well with the calculated 
measurement of the Alkemade l i ne . The phase diagram of the c a l c i a - z i r -
conia binary by Duwez also confirms the r e s u l t s . The samples fired at 
1550 C have about two mole percent less ca lc ia than those that have 
o 
reached equilibrium at I3OO C. 
The l a t t i c e parameter resu l t s for the 9OO C sanples cannot be 
understood s t r i c t l y from a c rys t a l s t ructure point of view. With the 
cubic zirconia being the highest thennal expansion phase present , cool-
ing the samples from 1550 C apparently resulted in enough tension in the 
l a t t i c e to expand i t s l i gh t ly . On reheating, annealing at 9OO C, and 
cooling, the l a t t i c e expansion due to tension is l e s s , because the temp-
erature change is smaller. Thus annealing a t 900 C with no composition 
change could resu l t in a decrease of the cubic zirconia l a t t i c e parameter. 
From quanti tat ive X-ray measurements equilibrium was shown not to have 
been at tained at 9C'0 C even af ter f i r ing for 2000 hours. If equilibrium 
at 900 C were obtained, a larger l a t t i c e would have been expected than 
that found at I3OO C, due to increasing calc ia content. The tension in 
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Figure 2 1 . L a t t i c e Parameter Chanses with TJLme 
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samples were not even near equilibrium, the lattice might not in reality 
be as large as the 1300 C lattice at 2000 hours. An effect that cannot 
be evaluated is the presence of alumina ions, which are half the size of 
calcia ions. If there were indeed an amount of alumina in the cubic 
zirconia lattice, then as the amount varied with temperature changes, 
the alumina could cause the lattice to become smaller, reversing the 
effect of the addition of calcia. Evaluation of this effect was not 
possible from the data and equipment available. 
Analysis of Series 1 Fired at I7OO ̂ C 
When the nine samples 1-1 through 1-9 were removed from the fur-
nace, it was observed that 1-1, 1-2, and 1-^ had definitely undergone 
partial melting because the edges of the pellets were rounded and slumped. 
Photographs of samples 1-1 and 1-9 are included. Figure 22, showing large 
uniformly rounded grains surrounded by the secondary gray phase, which is 
a clear indication that melting occurred. Table 11 shows the results of 
the qualitative X-ray analysis and the optical analysis. It is clear from 
the phase analysis that the samples were not at equilibrium. The phases 
present do not correspond to the equilibrium phases at 15OO C and sample 
1-1 has four phases present, an impossibility in equilibrium unless the 
composition was exactly at the eutectic point. Thus no phase diagram 
information may be taken from these results. 
The presence of CA/r is important. First of all, it corroborates 
the work of Takagi , who also found melting of the samples at I7OO C, 
with the formation of CA/-. From the literature it has not been clear if 
CAp melted congruently or incongruently. The presence of CA/- in several 
6 i 
Sample 1-1 
'2 ZrO^ 6U m/o 
CaO 16 m/o 
Al20„ 20 ra/o 
Sample 1-9 
ZrO^ 85.T m/o 
CaO 9.5 m/o 
Al^O^ ^ . 8 m/o 
Figure 22 . Photomicrographs of Se r i e s 1, I7OO C, 600x 
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Table 11. Phase Composition and Optically Detennined Phase Volume of 
Series 1, I7OO oc 
Sample 
Number 
C r y s t a l l i n e P h a s e s P e r c e n t 
P o r o s i t y 
O p t i c a l 
io White i Gray 
1-1 C u b i c , CAg, CA^, Mono 13 61 39 
1-2 C u b i c , Mono, CAp 25 79 2 1 
1-3 Cubic f Mono, CA^ 13 62 38 
1-k C u b i c , CAp, Mono 2 1 76 2k 
1-5 C u b i c , CAp T 69 3 1 
1-6 C u b i c , Mono, CAg 1 1 78 22 
1-7 C u b i c , CAp, CZ 10 84 16 
1-8 C u b i c , Mono 10 89 1 1 
1-9 C u b i c , Mono, CA^ 16 9h 6 
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of the samples, where from previous phase diagram resu l t s CA should 
have been the only calcium aluminate phase, indicates that CAp melts in-
congruent ly forming CA/- and a l iquid . Thus i f the samples did not a t t a in 
equilibrium on cooling (which was at the r e l a t ive ly fast cool down rate 
of the gas-fired furnace), i t would be reasonable for CA/- to be present. 
Much more work must be done to c lar i fy the understanding about CAp. 
The X-ray phase analysis from sample 1-8 would suggest consider-
able solid solution of alumina in zirconia. However, the op t ica l infor-
mation showed tha t there was s t i l l a considerable amount of calcium 
aluminate in th i s sample, but that i t was below the detection l imits of 
the X-ray diffractometer. 
Because equilibrium was not at tained because of p a r t i a l melting 
of the samples, i t was not possible to make any determination about solid 
solution phenomena for e i the r cubic zirconia or CAp at I7OO C. The 




1. The phase diagram for the high z i r c o n i a region of t he c a l c i a -
a lumina -z i r con ia system was determined a t I5OO C and combined wi th 
a v a i l a b l e information t o prepare a complete phase diagram of the c a l c i a -




\ N V ^ . 
\ \ 
\ \ N\ \ 
\ ^ ^N S 
\ \ \ " \ ; \ N̂, 
\ \ \ \ \ \ 
c-'—Z'-l' \ \ \ 
500-
300 
N. \ \ 
65 
2. The equation of the CAp - monoclinic zirconia Alkemade line is 
/dCaO = 0.48 (Al^O^) - 0.89 . 
The equation of the CAp - cubic zirconia A Ike made line is 
/cCaO = 0.28 (AlpO ) + 11.68 . 
3* Solution of Al̂ O^ in cubic and monoclinic zirconia is extremely 2 3 
limited and probably less than one mole percent. 
h. The lower limit of calcia solid solution in cubic zirconia varies 
from 1^.6 mole percent at 1300 C to 11.1 mole percent a t 1550 C. 
5. After f i r ing to 1550 C, the composition of the sol id solution cubic 
zirconia in the CAp - cubic ZrO - monoclinic ZrO compatibility t r iangle 
required 800 to 1000 ho\irs to reach equilibrium at 1300 C and changed 
so slowly a t 9^0 0 that a f ter 2000 hours, equilibrium was not obtained. 




The behavior of CAp should be studied to detemiine i f i t rea l ly 
ex is t s as a solid solution and i f i t changes composition with temperature 
changes. I t should be studied with a small zirconia content in an attempt 
to ascer ta in the phase re la t ions of the three component system. A 
liquidus diagram of the ternary system should also be prepared as a con-
t inuat ion of the phase diagram study. Physical property studies of the 
samples which were prepared for long term f i r ing would be useful in deter-
mining i f such compositions might have p rac t i ca l indus t r i a l appl icat ion. 
In a general sense different areas of the ternary should be studied. The 




SYSTEIMATIC POINT COUNTING TECHNIQUE 
The systematic point counting technique was used for determining 
the volume fraction of calcium aluminates, porosity, and zirconia phases 
from optical micrographs of polished sections of the samples. Accuracy 
is directly related to the number of points used in the count and the 
method depends on the fact that the folloving relationship is true: 
P = V (11) 
p V ^ ' 
where P is the fraction of points falling on a phase of interest, and 
V is the volume fraction of the phase of interest. Standard deviation 
is given by the following formula: 
^ ^ = \ (12) 
where N is the number of points falling on the phase. For a confidence 
factor of 95^, two standard deviations from the average value are allowed. 
Table 12 shows the accuracy that can be expected statistically when a 
total of three hundred points are counted. 
Table 12. Accuracy of Systematic Point Counting Technique 
AT 0.01 0.05 oTi 0T2 o7ii 576 oTs 
a v ^ 0.006 0.013 0 .018 0.026 0.037 O.OJ+5 0.052 
+ $ accuracy 120 52 36 26 I 8 . 5 I5 13 
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Percent accuracy in Table 12 is written in terras of the volume fraction. 
Accuracy increases as the inverse square of the number of points counted 
so that, for instance, quadrupling the number of points would only halve 
the uncertainty. Thus 300 points were determined to be sufficient as a 
good balance between the time required and the accuracy obtained. A 
square grid of 25 points spaced on 0.25" centers was dropped randomly 
without bias on each photograph 12 times as a tally of the points in each 
phase was made. Randomness was required for accuracy and it was necessary 
that a representative sector of the sample be photographed, rather than 
an area with some outstanding feature. The actual numbers determined for 
volume fractions of the three phases in each pellet were reasonably 
accurate, within + 30^ for most cases. 
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APPENDIX B 
PHASE ANALYSIS OF COMPOSITIONS FIRED AT 1500 °C 
The phases p re sen t were determined q u a l i t a t i v e l y by X-ray 
d i f f r a c t i o n . Q u a l i t a t i v e a n a l y s i s of s e r i e s 2 was performed on samples 
f i r ed for 20 and ^0 hou r s . The r e s u l t s were the same, as l i s t e d in the 
t a b l e . 
Severa l of the samples were po l i shed a f t e r being f i r e d t o 1500 C 
and slow cooled . A smal l amount of p o r o s i t y , which appeared as very dark 
a r e a s , was observed. The major phase was white in co lo r and was apparent-
l y , as confirmed by q u a n t i t a t i v e informat ion , the sum of the two z i r c o n i a 
phases . The gray phase was the sum of the calcium aluminate phases , CAp 
and CA/-. The t o t a l white and gray phases were expressed in tenns of 
^, mathemat ical ly e l im ina t i ng the amount of p o r o s i t y . 
Table 13- Phase Analysis of Series 2 
Sample 
Numbe r 
P o r o s i t y 
v o l io 
White 
v o l io 
Gray 
v o l io 
2 - 1 6 h9 51 
2 - 2 
2 - 3 8 52 U8 
2-)+ 
2 -5 13 h3 5 1 
2 -6 
2 - 7 
2 - 8 
2 -9 11 5^ kG 
2-10 










2 - 2 1 10 79 2 1 
2 -22 
2 - 2 3 
2 - 2 ^ 
2 - 2 5 20 79 2 1 
Phases Present 
Cubic, CA^ 
Cubic, Mono, CA 
Cubic, Mono, CA, 
c 
Mono, Cubic, CA, 
2 
Mono, CAg, CAg 
Cubic . CA^ 
Cubic , CA^ 
Cubic , Mono, CAp 
Cubic , Mono, CA^ 
Mono, C u b i c , CA^ 
Cubic , CA^ 
Cubic , CA^ 
Cubic y Mono, CAp 
Cubic y Mono, CA^ 
Cubic , Mono, CA^ 
Cubic , CA^ 
Cubic » CAp 
Cubic , CA^ 
Cubic Mono, CAp 
Cubic Mono, CA^ 
Cubic^ CA^ 
Cubic J CA^ 
Cubic J CA^ 
Cubic J Mono, CAp 
Cubic J Mono, CA^ 
Table iH. Phase Analysis of Series 3 
Sample Porosity White Gray Phases Present 
Numbe r 
3-1 T 52 kQ Cubic, CA^, Mono 
3-2 6 36 hk Cubic, CA , Mono 
3-3 38 65 35 Mono, CA^, CAg 
3-^ 7 6T 33 Cubic, CA^ 
vol i vol i vol i 
5  
7
2Ĵ  TO 30 
2̂ ^ 71 29 
9 81 19 
33 87 13 
26 80 20 
3-5 2k TO  Cubic, Mono, CA 
3-6 1- Cubic, Mono, CA^ 
3-7 Cubic, CA^ 
3-8 Cubic, CA^ 
3-9 Cubic, Mono, CA 
3-10 Cubic 
3-11 Cubic 
3-12 ^ Cubic, Mono 
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APPEOTDIX C 
DATA. FOR CALCULATING CA^ - CUBIC ZrO^ AM) CA^ - MONOCLINIC ZrQ^ 
ALKEMADE LIKES 
In Tables 15 - l8 are presented the data necessary to calculate 
the CAp - Cubic ZrO and CAp - Monoclinic ZrOp Alkemade l i nes . Columns 
two and three l i s t the AlpO and CaO composition of each sample on a mole 
percent bas i s . The monoclinic to cubic zirconia weight r a t i o as measured 
by quanti tat ive X-ray diffract ion is in column four. The weight ra t io of 
column four was converted to a mole percent r a t io of cubic to cubic plus 
monoclinic zirconia and is shown in column f ive . As discussed e a r l i e r , 
a t a constant AlpO^ mole content, the mole percent r a t i o of cubic zirconia 
varies l inear ly with mole percent CaO from 0 a t the CAp - Monoclinic z i r -
conia Alkemade line to 100 at the CAp - cubic zirconia Alkemade l ine . 
Therefore the leas t squares l ine f i t of mole percent CaO (x) versus mole 
percent r a t io of cubic to cubic plus monoclinic zirconia (y) at constant 
AlpO content could be calculated (column s i x ) . At each AlpO content 
the leas t squares l ine was extrapolated to give the mole percent CaO a t 
100^ cubic (column seven) and at 0^ cubic (column e i g h t ) , which are the 
CaO compositions a t tha t AlpO composition for the CAp - cubic zirconia 
Alkemade line and the CAp - monoclinic zirconia Alkemade line respectively. 
Linear regression analysis of mole percent CaO versus mole percent AlpO 
for the respective l ines was used to determine the best f i t equations for 
those two l i ne s , which are presented in Chapter IV. 
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Table 15. Q u a n t i t a t i v e X-Ray Data for Se r i e s 2 and 3^ Slow-Cooled 
Sample m/o m/o v t . mono m/o Equation m/o CaO m/o CaO 
Number Al^O^ CaO v t . cubic cubic of l i n e 100 % 0 io 
(x) (y) cubic cubic 2 3 
2-2 25 17.5 O.26T 8 0 . 1 \ 
\ 18.68 11.T5 
2-3 25 15 0.962 52.8 \ y= 1^.^3x -
/ 169.57 
2'k 25 12.5 12.5 7-93 ' 
2-8 20 15 0.3^^5 
2-9 20 12.5 0.68^^ 
17.62 8.39 
2-10 20 10 6.25 1U.7 \ y= IO.83X -
/ 90.82 
3-1 20 16 O.3I1-O 
3-2 20 12 2 .78 
2-13 15 15 0.0558 9 5 . 1 
\ 15 .^1 ^ . 7 1 
2-ii^ 15 12.5 0 .361 7^.9 >y= 9.3^+x -
2-15 15 10 1.1^9 ^+8.̂ 4 
^3.9^ 
3-5 13 13 0.i^69 6 9 . 6 . 15.97 6.20 
y y=10.23x -
3-6 13 8.7 3.125 25.6 < 63.^2 
2-19 10 12.5 0.138 88-6 13.62 3.81 
) y=10.2x -
2-20 10 10 0.629 6 3 . 1 ^ 38.9 
?.-2k 5 12.5 O.O3J+ 96.9 
\ 12.73 2.69 
2-25 5 10 0.316 77 .3 ) y= 9-96x -
/ 26.82 
3-9 5 9.5 0.606 61+.o''^ 
Ih 
Table l 6 . Q u a n t i t a t i v e X-Ray Data for Se r i e s 2 , Quenched 
Sample m/o m/o w t . mono m/o E q u a t i o n m/o CaO m/o CaO 
Rumbe r AlpO^ CaO \rt. c u b i c c u b i c o f l i n e 100 io 0 io 
(x) (y) c u b i c cubic 
2-2 25 17-5 0.0236 97-9 . 
\ 17-7^ 12.^3 
2-3 25 15 1.39 ^3-6 ) y = 18.8IX -
/ 233.77 
2-k 25 12.5 27.03 3-83 
2-8 20 15 0.392 73-3 X 18.03 6.67 
) y= 8.8x -
51.3 '̂  58.7 2-9 20 12.5 1.0 
2-13 15 15 0.055^ 9 5 . 1 
2-1^^ 15 12.5 0.538 66.7 ") y= 8.7x -
37.62 
2-15 15 10 1.01 51.6 
15.82 k.32 
2-19 10 12.5 0.183 85.5 V 13.88 U.37 
) y= 10.52X -
2-20 10 10 0.7^1 59-3 ^6.0 
2-2i+ 5 12.5 0.0658 9^+.2 13-2^. O.i+2 
> y= 7.8x -
2-25 5 10 0.365 7^.7 '̂  3 .3 
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Table IT- Quanti tat ive X-Ray Data for Long-Terra Samples a t I55O °C 
Sample m/o m/o wt. mono m/o Equation m/o CaO m/o CaO 
AUO CaO wt. cubic cubic of l ine 100 ^ 0 ^ 
(x) (y) cubic cubic 
A* 10 3.91 in f in i t e 0 ij,.6k 3.9I 
) y= 10.28x -
A 10 12.3 O.1U3 88.3 ^ U0.19 
B^ 17.5 7.51 in f in i t e 0 I5.8O 7-51 
) y= 12.06x -
B 17.5 1^.5 1^.5 0.2 ^ 90.57 
C^ 25 11.11 in f in i t e 0 17-5 11.11 
) y= 15.6x -
C 25 17.5 0 100 ^ 173-3 
Table 18. Quantitative X-Ray Data for Long-Term Samples a t I3OO '̂ C 
Sample m/o m/o v t . mono m/o Equation m/o CaO m/o 
Al^O^ CaO wt. cubic cubic of l ine 100 ^ 0 ^ 
(x) (y) cubic cubic 2 3 
A* 10 3.91 in f in i t e 0 I5.T 3.9I 
) y= 8.i^9x -
A 10 12.5 O.i+7 72.9 ' 33.18 
B* 17.5 7.51 in f in i t e 0 I7.IO 7-51 
) y= 10.U3X -
B 17.5 1^.5 O.k^ 72.9 ^ 78.32 
C* 25 11.11 in f in i t e 0 I8 .6 11.11 
> y= 13.38X ,-
c 25 17.5 0.235 85.5 ^ 1^8.7 
^ Mole percent CaO a t 0 mole percent cubic ZrO was calculated from 
Equation ( lO). 
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APPENDIX D 
QUMTITA.TIVE CHA.NGES IN CUBIC TO MONOCLINIC ZIRCONIA CONTENTS 
FOR LONG TERM FIRINGS 
The weight r a t i o of cubic t o cubic plus monoclinic z i r c o n i a con-
t a i n e d in each of the long term f i r e d samples was determined by X-ray 
d i f f r a c t i o n and i s recorded in Table I 9 . 
Table 19. Ra t ios of Cubic t o Cubic p lus Monoclinic Z i rcon ia for Compos-
i t i o n s A, B, and C F i red a t 9OO °C and I3OO °C for up to 2000 
Hours 
Time 900 °c 1300 °c 
(Hours) A B C A B c 
0 0.88 0.83 1.0 0.88 0.83 1.0 
200 0.89 0.88 0 .98 0.88 0.81^ 0.9U 
1+00 0 .91 0.83 1.0 0.76 0.77 0.89 
600 0.88 0.8U 1.0 0.73 0.78 0.86 
800 0 .91 0.8T 1.0 0.70 0.78 0.83 
1000 0 .91 o.m 1.0 0.72 0.69 0 . 8 1 
1200 0.88 O.Qk 0.98 0.72 0.70 0.82 
lUOO 0.89 0 .81 0.97 0 .71 0.69 0.88 
1600 0.87 0 . 8 T 0.96 0 .61 0.66 0.80 
1800 0.89 0.85 0.97 0.72 0 .71 0 .81 
2000 0.85 O.8I1 0.95 0.73 0.69 0.83 
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